Background--The association between high-density lipoprotein cholesterol (HDL-C) and coronary heart disease (CHD) events is not well described in individuals with very high levels of HDL-C (>80 mg/dL).
T he association between high-density lipoprotein cholesterol (HDL-C) and coronary heart disease (CHD) events is inverse and linear across a large range of HDL-C (30 to 60 mg/dL) values. 1, 2 Over the last several decades limited observational cohort data have suggested a possible threshold effect or increased risks for CHD and total mortality events in participants with HDL-C >80 mg/dL. 3, 4 However, the sample size of individuals with very high HDL-C was very small in most studies, limiting the ability to draw conclusions about the risks for CHD and total mortality associated with extremely high levels of HDL-C. Since the guideline-based use of lipid-lowering pharmacotherapy is based on risk assessment, patients with very high levels of HDL-C present a clinical dilemma, as the CHD risk associated with HDL-C >80 mg/dL is not well described. The Lifetime Risk Pooling Project is a very large dataset with extensive phenotyping that provides a unique opportunity to study CHD risks across the full range of HDL-C values, including those in individuals with extreme elevations in HDL-C. 5 In addition, the detailed covariate data from these cohorts allow for adjustment for many potential confounding variables. In this study, we aimed to quantify, in unadjusted and adjusted models, the hazards for CHD events and total mortality in individuals with very high HDL-C. We hypothesized that we would see independent increased hazards for CHD events in individuals with very high levels of HDL-C when compared with a 45 mg/dL and 55 mg/dL referent in men and women, respectively.
Methods Participants
The cohorts included in the analysis met the following a priori criteria: (1) community-or population-based sampling or large volunteer cohort; (2) availability of at least one baseline examination at which participants provided demographic, personal, and medical history information and underwent direct measurement of physiologic and/or anthropometric variables (eg, blood pressure, weight), lipid assessment (including HDL-C), and alcohol consumption; (3) availability of total mortality and cardiovascular mortality data also with ascertainment of nonfatal myocardial infarction events. 
Determination of Lipid Phenotype
Blood from each study was collected and stored at À70°C after venipuncture until the time of analysis. To determine HDL-C, all cohorts (except WHI) utilized centrifugation followed by removal of all apolipoprotein B containing lipid particles with a magnesium/dextran precipitation assay. 13 HDL-C was then quantified by standardized enzymatic techniques. [7] [8] [9] Total cholesterol (TC) and triglycerides were determined by direct enzymatic techniques. LDL-C was calculated via the Friedewald equation. 14 The WHI cohort utilized the Hitachi 917 analyzer (Roche Diagnostics) for determination of HDL-C, LDL-C, Triglycerides, and TC. This system uses a direct enzymatic colorimetric assay for determination of all lipid subfraction concentrations. 12 Non-HDL cholesterol was calculated as the difference between TC and HDL-C.
Determination of Covariates
Details of demographic and traditional risk factor assessment are presented elsewhere. [6] [7] [8] [9] [10] [11] [12] Briefly, age, sex, race, smoking status, alcohol consumption, diabetes status, anti-hypertension medication use, and lipid medication use were determined by self-report. In ARIC, medication use was confirmed by bottle inspection. Diabetes was defined as self-reported physician diagnosis, fasting blood sugar ≥126 mg/dL, or diabetes medication use. A drink was defined as one serving of alcohol (12 oz beer, 6 oz glass of wine, or 1.5 oz of hard liquor) or as 0.6 fluid oz, 14 g, or 18 mL or ethanol depending on the cohort. Self-reported weekly and monthly alcohol consumption was converted to daily consumption and defined as the equivalent of >1 drink a day for women and >2 drinks a day for men. Systolic blood pressure was an average of 2 to 3 measurements taken while seated (supine for HHP). A mercury sphygmomanometer was used for all blood pressure measurements. BMI was calculated as the weight in kilograms divided by the square of the height in meters.
Determination of Outcome
CHD events (nonfatal myocardial infarction [MI] and CHD death) and total mortality events were ascertained using cohort-specific criteria, as described elsewhere. [6] [7] [8] [9] [10] [11] [12] 
Statistical Analyses
To examine the potential nonlinear association between continuous HDL-C and the risks of events, we used penalized cubic splines in Cox proportional hazards models, which can provide nonparametric estimates for the hazard ratio of HDL-C. 15, 16 The proportional hazards assumption was tested using
Schoenfeld residuals and was found to be appropriate.
17,18
The hazard ratios were scaled such that the hazard ratio was 1 for the HDL-C level of 45 mg/dL and 55 mg/dL in men and women, respectively. The follow-up time was truncated at 20 years, as there were few person-years beyond that point for most of the cohorts. The survival models were initially adjusted for cohort; then adjusted for age, race, systolic blood pressure, body mass index, current smoking status, diabetes, non-HDL-C, antihypertensive therapy, antihyperlipidemia therapy, and alcohol drink status (>1 drink/day for women and >2 drinks/day for men). Due to minor differences in mean HDL-C across cohorts and slight differences in the measurement of HDL-C across cohorts, we conducted a sensitivity analysis. For the sensitivity analysis, data were pooled by cohort-and sex-specific Zscores of HDL-C. The hazard ratios were scaled such that the hazard ratio was 1 for the HDL-C Z-Score of 0. We then re-ran the analysis using penalized cubic splines as described above.
In an effort to further examine the effect of alcohol consumption and smoking on elevated HDL-C and total mortality and CHD events, we also conducted separate stratified (by alcohol and smoking) penalized cubic spine models on the pooled cohort. Baseline hormone replacement therapy (HRT) status and lipid concentrations were available in FH, FOS, and ARIC cohorts only. To assess possible confounding or effect modification due to HRT in women, we ran cohort-specific, HRT-stratified Cox proportional hazard models. We also assessed the significance of a HDL-C (continuous) by HRT interaction term. We used separate sex-stratified univariable Cox proportional hazard models to determine the traditional risk factor characteristics that were associated with CHD events in individuals with HDL-C >75 mg/dL.
A P value <0.05 was considered statistically significant, and all statistical tests for significance were 2-tailed. Statistical analyses were performed using SAS statistical software v. 9.1. The penalized cubic spline model was implemented using coxph and pspline functions in R version 2.14.1.
Results

Study Sample
Baseline characteristics for the 11 515 men included in the analysis are presented in Table 1 . The mean ages across all strata of HDL-C varied from 54 to 60 years. The median HDL-C in the highest stratum (>90 mg/dL) was 100 mg/dL. The mean non-HDL-C, triglyceride levels, and prevalence of cholesterol medication use were lowest in the very high HDL-C strata. Men within the 2 highest HDL-C strata had higher mean systolic blood pressures. When compared with the lower strata of HDL-C (≤50 mg/dL) men in the higher strata had lower BMI. Reported alcohol consumption and smoking were highest in the highest strata of HDL-C at 40% and 52%, respectively.
Baseline characteristics for the 12 925 women included in the analysis are presented in Table 2 . The mean ages across all strata of HDL-C ranged from 55 to 58 years. The median HDL-C in the highest stratum was 99 mg/dL. Similar to men, non-HDL-C, triglyceride levels, and BMI were lowest in the highest stratum. Systolic blood pressure was slightly lower across higher HDL-C strata. The prevalence of drinking >1 drink a day was greatest in the 2 highest strata of HDL-C. Smoking prevalence was generally lower across higher HDL-C strata.
In men, 1825 CHD events and 3311 deaths from any cause occurred during 139 624 person-years of follow-up. In women, 977 CHD events and 2435 deaths from any cause occurred during 167 622 person-years of follow-up. In men, unadjusted total mortality rates were highest in the 4 highest strata of HDL-C; in contrast, unadjusted CHD event rates were highest in the 2 lowest strata of HDL-C (Table 3 ). In women, unadjusted total mortality events were similar across all HDL-C strata >60 mg/dL, but death rates were higher for individuals in lower strata (HDL-C <40 mg/dL). The unadjusted CHD death and nonfatal MI rates were lowest in the higher (>60 mg/dL) strata of HDL-C (Table 3) .
CHD Events
The unadjusted and multivariable-adjusted cubic spline of the log-transformed hazard ratios for CHD death and nonfatal MI for men and women are presented in Figure. Men with HDL-C values less than the referent had higher hazards for CHD events ( Figure -Panel A) . This relationship is inverse and linear up to an HDL-C value of %90 mg/dL. At HDL-C values above 90 mg/dL no further reduction in CHD risk was observed. In traditional risk factor and alcohol-adjusted models, the point estimate was no longer significantly different from the referent when the HDL-C >95 mg/dL ( Figure -Panel B) . However, the sample size of this group is substantially less (causing the very wide 95% CI) than the size of the referent category, which likely accounts for the lack of significance. In cohort-adjusted models, women with HDL-C <55 mg/dL had higher hazards for CHD events; hazards for CHD events were significantly <1 across all HDL-C values >55 mg/dL (Figure -Panel C) . In multivariable adjusted models, the pattern of association is inverse and linear up to HDL-C of 75 mg/dL. At HDL-C strata >75 mg/dL there was no further reduction in the point estimate of CHD risk (Figure -Panel D) . Above HDL-C values of 85 mg/dL hazard ratios were not significantly different from the referent in multivariable adjusted models, though the sample size is modest at such high levels of HDL-C, which likely accounts for the lack of significance. In sensitivity analysis, the patterns of association between HDL-C and CHD events were similar in alcohol-and tobacco-and HRT-stratified models. There was no significant HRT by HDL-C interaction term. Likewise, pooling by cohort-specific HDL-C Z-score did not alter the pattern of association. We sought to describe the characteristics of men and women with very high HDL-C who nonetheless had CHD events during follow up. There were 392 men with HDL-C
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Figure. Log hazard ratios (95% CI) for CHD events by HDL-C for men and women. CHD indicates coronary heart disease; HDL-C, high-density lipoprotein cholesterol.
>75 mg/dL and 32 CHD events occurred during follow-up. In men, systolic blood pressure (HR=1.01; 95% CI 1.0, 1.03), total cholesterol (HR=1.01; 95% CI 1.01, 1.02), and non-HDL cholesterol (HR=1.01; 95% CI 1.00, 1.02) were significantly associated with an increased risk for CHD events. There were 1864 women with HDL-C >75 mg/dL and 95 CHD events that occurred during follow-up. In women, age (HR 1.1; 95% CI 1.06, 1.14), systolic blood pressure (HR 1.03; 95% CI 1.02, 1.04), diastolic blood pressure (HR=1.03; 95% CI 1.01, 1.05), and treatment for hypertension (HR=1.71; 95% CI 1.08, 2.71) were associated with increased risk for CHD events during follow-up.
Total Mortality
In men, there was an unadjusted parabolic association between HDL-C and total mortality with substantially elevated hazards for total mortality in the highest and lowest HDL-C categories. However, after multivariable adjustment and further stratification by smoking status these risks were highly attenuated among individuals with very high HDL-C. There were no significant associations between high HDL-C and total mortality in women.
Discussion
In this pooled analysis from 6 community-based cohorts we did not observe a monotonic inverse linear association between HDL-C and CHD risk at very high levels of HDL-C. Rather, we observed evidence of a plateau effect for CHD risk at high levels of HDL-C in men and women. Although CHD event rates were generally lower in cohort participants with very high HDL-C, risk for CHD events persisted in this group as many participants with very high HDL-C still experienced MI or CHD death during follow-up. However, the significant associations observed between age, blood pressure, and non-HDL-C and CHD risk suggest that at-risk individuals with very high HDL-C are at least partially identifiable through assessment of traditional risk factors. We believe this observation suggests heterogeneity in the CHD risk of individuals with very high HDL-C. Therefore, it is important for clinicians to continue to consider the entire spectrum of CHD risk factors, and not assume that a very high HDL-C is automatically or fully protective against CHD.
A recent nested case-control analysis on participant samples from the Nurses' Health and Health Professionals Follow-Up Studies suggests a structural variation in HDL particles that may mediate the atheroprotective properties of HDL. Specifically, Jensen et al found that people with HDL particles that contained Apolipoprotein CIII did not have the expected inverse association between HDL-C and CHD risk. 19 This finding raises the possibility that more prevalent dysfunctional HDL particle variants in people with very high HDL-C could explain the plateau relationship between HDL and CHD risk observed in this study.
Interestingly, the triglyceride concentrations in Tables 1  and 2 are noticeably lower in individuals with very high HDL-C. Higher triglyceride concentrations in individuals with very high HDL-C suggest the possibility of decreased lipid exchange from HDL to VLDL particles that could be mediated by abnormalities in physiologic pathways for lipid exchange between lipoprotein particles, eg, cholesteryl ester transfer protein (CETP) activity.
Multiple epidemiologic studies have demonstrated a wellknown independent inverse linear association between HDL-C and risk for CHD events across a broad range of HDL-C concentrations <60 mg/dL. 1,2 However, prior studies could not thoroughly assess the pattern of association in people with levels of HDL-C >80 mg/dL, due to its uncommon occurrence. In many of these studies, when data were examined in ordinal bins of HDL-C, the highest stratum of HDL-C was >50 to 55 mg/dL. If a small number of cohort participants with HDL-C >80 mg/dL were grouped with a much larger number of participants with HDL-C values close to 50 mg/dL, the effect of the larger numbers of participants with HDL-C close to 50 mg/dL would dominate and could mask a potential plateau pattern of association suggested in our larger sample. Furthermore, careful inspection of crude event rates presented from the Lipoprotein Phenotyping Study reveals a small increase in the event rate for CHD at HDL-C values >75 mg/dL. 1 More recent data from the Incremental Decrease in End Point Through Aggressive Lipid Lowering study (IDEAL) demonstrated a modest increase in the risk for major cardiac events in participants with HDL-C values >80 mg/dL. 4 The association became significant only after adjustment for traditional risk factors, Apolipoprotein-A1 and Apolipoprotein-B concentrations. Unlike our study, they were not able to adjust for alcohol consumption in the IDEAL study, which, given the confounding effects of ethanol abuse on HDL-C and CHD events, was a major limitation of their analysis. Our study benefited from a large aggregation of multiple community-based samples and well-phenotyped cohorts. As mentioned above, this sample allows for adjustment for many potential confounding variables-most notably alcohol. To the best of our knowledge, no other such analysis has been performed. With the pooling of multiple cohorts, it is possible that cohort-specific or birth cohort effects are present. However, all individual-level cohort data were reviewed and pooled only after similar patterns of association were seen between cohorts. Unfortunately we are unable to obtain sufficient data to adjust for the effects of dietary fat intake and frequency of aerobic exercise on HDL-C values and CHD events.
In summary, we observed strong evidence of a plateau effect in terms of CHD risk reduction for men and women with very high levels of HDL-C. Thus, CHD risk persists even among people with very high HDL-C. These data suggest that clinicians should have continued vigilance about the detection, avoidance, and treatment of traditional risk factors in this patient population. We believe these data support the possibility of diversity and complexity in the function of HDL in constitutive human physiology. Further research is needed into whether specific biologic mechanisms related to health outcomes vary with HDL-C level.
